INTRODUCTION
============

Aging is associated with decreased bladder capacity, increased uninhibited contractions, decreased urinary flow rate, diminished urethral pressure profile, and increased postvoid residual urine volume \[[@b1-inj-19-1-19],[@b2-inj-19-1-19]\].

Benign prostatic hyperplasia (BPH) is typically the main presumptive cause in men with lower urinary tract symptoms (LUTS), but about one-third to more than half of men with LUTS do not show bladder outlet obstruction \[[@b3-inj-19-1-19]\]. In other words, multiple factors are involved in the pathophysiological mechanisms of LUTS development.

LUTS and erectile dysfunction (ED) are medical conditions that can have a negative impact on quality of life, and usually coexist in aging men \[[@b4-inj-19-1-19],[@b5-inj-19-1-19]\]. Epidemiological studies have found high comorbidity rates and associations between LUTS and ED, suggesting a pathophysiological link between these two medical conditions.

There have been few etiological studies on the association between vasculogenic risk factors and LUTS, and the effects of cardiovascular changes on detrusor function remain unclear. Pathological changes, such as smooth muscle alteration and denervation in several urologic organs, including the prostate, penis, and urinary bladder tissue, are generally ascribed to pelvic ischemia or atherosclerosis \[[@b6-inj-19-1-19]\].

In humans and some animal models, the nitric oxide-cyclic guanosine monophosphate (NO-cGMP) pathway and phosphodiesterase-5 (PDE-5) expression have been detected in bladder tissue \[[@b7-inj-19-1-19],[@b8-inj-19-1-19]\]. Chronic ischemic conditions may thus affect bladder cGMP levels, and could eventually influence smooth muscle and voiding function. Several studies have reported a clinical effect of PDE-5 inhibitors on the improvement of LUTS, in addition to erectile function \[[@b9-inj-19-1-19],[@b10-inj-19-1-19]\]. A convenient rat model of chronic bladder ischemia (CBI), induced by balloon-catheter vascular endothelial injury in addition to a high-cholesterol diet, is available for such urological studies \[[@b11-inj-19-1-19],[@b12-inj-19-1-19]\].

Mirodenafil is the most recently developed PDE-5 inhibitor and has proven clinical efficacy in ED, similar to other PDE-5 inhibitors. Experimental studies have revealed that the selectivity of mirodenafil for PDE-5 is ten-folds higher than that of sildenafil, while its inhibitory effects on other PDEs are much lower than those of sildenafil \[[@b13-inj-19-1-19]\]. Despite its relatively short pharmacological half-life, the clinical effects of mirodenafilare maintained for at least 12 hours.

In this study, we investigated the protective effects of mirodenafil on bladder dysfunction in a rat model of CBI using urodynamics, detrusor muscle strips, and histological examination.

MATERIALS AND METHODS
=====================

Animal Model Design With Surgical Induction of CBI
--------------------------------------------------

Our study was performed in accordance with the animal experiment protocols of the Korea University Ansan Hospital Animal Laboratory, after being approved by the Institutional Animal Care and Use Committee (KUIACUC-2013-117). Adult male Sprague-Dawley rats weighing 450--500 g at 16 weeks were randomized to control, CBI, and CBI+mirodenafil groups.

Rats were housed two per cage in a room maintained at 22°C--24°C with an alternating 12-hour light/dark cycle (the lights came on automatically at 7 AM). Rats were given ad libitum access to food and water.

The control group underwent sham surgery and was fed standard food for eight weeks. The CBI and CBI+mirodenafil groups underwent surgery to induce aortoiliac atherosclerosis, as previously described \[[@b11-inj-19-1-19],[@b12-inj-19-1-19]\].

Briefly, rats were anesthetized with isoflurane (1.5%--2.5%), and a bilateral inguinal incision was used to expose the bifurcation site of the femoral and superficial epigastric arteries. A Fogarty arterial embolectomy catheter (E-060 2F, EdwardsLife sciences, Irvine, CA, USA) was passed through the right and left femoral arteriotomies to just above the aortic bifurcation. The balloon was inflated with air and subsequently withdrawn from the common iliacartery to the femoral artery. The maneuver was repeated ten times on each side. Sham operations were carried out in the control group untilthe vessel exposure step after the inguinal incision.

The CBI and CBI+mirodenafil groups received a 2% cholesterol diet (Research Diets, New Brunswick, NJ, USA) for eight weeks. Four weeks postoperatively, the CBI+mirodenafil group started daily mirodenafil at 4-mg/kg body weight. Two solutions of mirodenafil were prepared in purified drinking water, and 0.3--0.5 mL of each solution was administered with an oral Zonde needle. Mirodenafil was administered orally for four weeks until the day of cystometry.

Urodynamics and Organ Bath Study
--------------------------------

Rats were anesthetized with isoflurane (1.5%--2.5%), and a low midline incision was made. The bladder was exposed, and a PE-10 polyethylene catheter (Clay-Adams, Parsippany, NJ, USA) was inserted into the bladder through a small 1-mm incision and anchored with sutures.

A three-way connector was used; one side of the catheter was connected to a Harvard infusion pump to instill normal saline into the bladder, and the other side was connected to a polygraph (Grass Medical Instruments, Quincy, MA, USA) through the pressure transducer to measure intravesicular pressure.

After a 30-minute equilibration period, room temperature normal saline was infused into the bladder at 0.04 mL/min by infusion pump. The reproducible voiding cycles were recorded for 30--120 minutes. Baseline pressure (BP), threshold pressure (TP), maximum pressure (MP), and micturition frequency (MF) were measured by cystometry, and the mean values were determined. Bladder capacity (Bcap \[infusion rate/MF\]) and bladder compliance (Bcom \[Bcap/TP--BP\]) were calculated using the respective formulas.

The bladder was subsequently removed and weighed. The lower two-thirds of the bladder were placed in a plate filled with Krebs-Henseleit solution saturated with 95% oxygen and 5% carbon dioxide.

The bladder body was cut longitudinally into 2×2×6-mm bladder strips and placed in 10-mL organ bath chambers. The chambers were filled with Krebs-Henseleit solution maintained at 37°C, and 95% oxygen was continuously bubbled through them.

The strips were suspended between two L-shaped hooksby 4-0 silk ligatures. One side of the hook was then connected to the bath, and the other was connected to an FT03C force transducer (Grass Instruments, Rockland, MA, USA). The strips were stretched with 2-g passive tension and allowed to equilibrate for 30 minutes before further experiments. Carbachol concentration-response curves were generated by adding increasing concentrations of carbachol at log increments from 10^-6^ to 10^-3^mol/L. Contractile force was calculated based on the weight of the strip.

Histological Examination and Statistics
---------------------------------------

We analyzed the histology of the bladder and blood vessels that had been removed from the abdominal aorta to the common iliac artery. Specimens were fixed in phosphate-buffered 10% formaldehyde solution and embedded in paraffin. Hematoxylin and eosin staining was used to observe structural abnormalities, such as degenerative changes and fibrosis in blood vessels.

Masson trichrome staining of bladder tissues was used to determine the collagen content as a percentage of the bladder muscle layer. Four high power fields were randomly selected for each specimen, and the percentage collagen in the bladder muscle layer was calculated as the sum of the blue-stained areas divided by the sum of all red-and blue-stained areas, using Image-Pro Express image analysis software (Media Cybernetics, Silver Spring, Rockville, MD, USA). Data were processed using SPSS ver.12 (SPSS Inc., Chicago, IL, USA). Comparisons between groups were carried out by one-way analysis of variance, followed by the Bonferroni *post hoc* test with P\<0.05 considered statistically significant.

RESULTS
=======

No rats died during the CBI model production or sham operation process. In addition, there were no postoperative side effects or remarkable problems associated with oral feeding of mirodenafil. No significant differences were observed between the control, CBI, and CBI+mirodenafil groups in bodyweight or bladder weight; the bodyweights were 523.6±40.2 g (control), 545.3±32.3 g (CBI), and 535.5±29.3 g (CBI+mirodenafil), and the corresponding bladder weights were 0.15±0.003 g, 0.18± 0.005 g, and 0.19±0.005 g ([Table 1](#t1-inj-19-1-19){ref-type="table"}).

Urodynamics and Organ Bath Study
--------------------------------

Cystometric results are shown in [Table 2](#t2-inj-19-1-19){ref-type="table"} and [Fig. 1](#f1-inj-19-1-19){ref-type="fig"}. The intercontraction interval was significantly decreased in the CBI group (2.1±0.5 minutes) compared to the control (5.3±1.2 minutes) and CBI+mirodenafil groups (4.2±1.0 minutes). The CBI group also had significantly lower Bcap (0.4±0.03 vs. 1.1±0.06/0.9 ±0.04 mL) and Bcom (0.05±0.04 vs. 0.15 ±0.02/0.12±0.03 mL/mmHg) values compared to the control/CBI+mirodenafil groups. No differences were observed between the control and CBI+mirodenafil groups. However, BP, TP, and MP did not differ significantly among the three groups.

Changes in the overall contractile response in bladder strips are shown in [Fig. 2](#f2-inj-19-1-19){ref-type="fig"}. As the carbachol dose was increased from 10^-6^ to 10^-3^mol/L, the control and CBI +mirodenafil groups showed a normal dose-dependent contraction curve compared to a definite decrease in contractile force in the CBI group. A significant difference was noted at a carbachol dose of 10^-5^ to 10^-3^ mol/L, but there was no difference in contractile response in the control and CBI +mirodenafil groups, confirming that mirodenafil significantly reduced the loss of contractile force caused by CBI.

Histological Examination
------------------------

Hematoxylin and eosin staining of the common iliac arteries from the CBI+mirodenafil group demonstrated moderate submucosal fibrosis, which was different from histological observations in the control group. However, fibrosis was more common and severe in the CBI group compared to the CBI+mirodenafil group. Thickening of the tunica intima as well as degenerative changes in the tunica media were found in the CBI and CBI+mirodenafil groups, whereas no pathologic changes were observed in the control group. The changes were also more severe in the CBI group than in the CBI+mirodenafil group. Masson trichrome staining of bladder tissue revealed a significantly increased percentage of collagen in the muscle layer in the CBI group (36.1%±1.7%) compared with the control (22.3%±1.8%) and CBI+mirodenafil groups (25.9%±1.6%) ([Figs. 3](#f3-inj-19-1-19){ref-type="fig"},[4](#f4-inj-19-1-19){ref-type="fig"}).

DISCUSSION
==========

Our study confirmed that mirodenafil had protective effects on bladder function and morphology, eventually resulting in decreased bladder hyperactivity in an induced arterial occlusive CBI model. This effect is consistent with the observation of PDE-5 expression and cGMP production in several lower urinary tract structures in urologic organs under hypoxic conditions in previous animal studies \[[@b14-inj-19-1-19],[@b15-inj-19-1-19]\].

It is well-established that LUTS increase in frequency with aging. Age-related alterations in bladder function require differentiation between symptoms associated with aging and those related to comorbid conditions \[[@b16-inj-19-1-19]-[@b18-inj-19-1-19]\].

Current reports on community-based and clinical data show a consistent association between LUTS and ED, and there are some correlations based on the similarities in pathophysiology \[[@b19-inj-19-1-19],[@b20-inj-19-1-19]\]. For instance, decreased NO synthase/NO levels, pathways involve RhoA-Rho-kinase activation and pelvic atherosclerosis as an underlying etiology of LUTS and ED \[[@b21-inj-19-1-19],[@b22-inj-19-1-19]\].

Among other reasons, vasculogenic dysfunction is an independent risk factor for atherosclerosis and increases with aging. Bifurcation of the iliac arteries makes them especially vulnerable to atherosclerotic lesions, and atherosclerotic disruptive changes distal to the aortic bifurcation may influence the distal vasculature. Such defects in vascular supply to the urologic organs, including the bladder, may explain voiding dysfunction observed in the elderly, including detrusor fibrosis and impaired contractility, collagen deposition, and loss of acetylcholinesterase-positive nerve terminals \[[@b23-inj-19-1-19]-[@b25-inj-19-1-19]\].

Collagen deposition and fibrosis are recognized phenomena in aging bladders, and can be explained by gradual loss of compliance and bladder capacity with age. With regard to deterioration of detrusor muscle function and the loss of cholinergic innervation, there is some evidence for muscarinic denervation in the aging bladder. The relevance of pathologic findings to clinical dysfunction remains unclear \[[@b26-inj-19-1-19],[@b27-inj-19-1-19]\].

We note that the acute ischemia model has limitations since it is difficult to extrapolate to a clinical setting. There is also a rabbit CBI model associated with atherosclerosis \[[@b18-inj-19-1-19],[@b28-inj-19-1-19]\]. The CBI model has been significantly advanced by Nomiya et al. \[[@b11-inj-19-1-19]\], who developed it in rats. Experimental applications, such as urodynamics, have been much easier in this rat model. Several studies have shown that the arterial injury procedure in this model may affect the damaged sites of balloon injury \[[@b28-inj-19-1-19],[@b29-inj-19-1-19]\].

CBI model-based data suggest that Eviprostat might be an attractive treatment option for individuals with bladder dysfunction because of its antioxidant and anti-inflammatory properties \[[@b30-inj-19-1-19]\]. Administering the lipid soluble provitamin Coenzyme Q10 as a scavenger for free radicals also decreased the frequency of micturition, and increased Bcap and detrusor contractility \[[@b12-inj-19-1-19]\].

In this study, we used the current rat model to confirm previous observations that iliac arteries from the CBI group show significantly increased arterial wall thickness compared with the other groups. Furthermore, we found that rats with CBI showed an increase in MF, a decrease in Bcap and Bcom, and decreased contractile responses to carbachol, compared with control and mirodenafil-treated rats.

We chose a daily oral mirodenafil dose of 4 mg/kg, based on a dose used previously \[[@b31-inj-19-1-19]\]. There was no difference between the control and CBI+mirodenafil groups, implying that treatment with mirodenafil prevented the decrease in bladder impairment due to chronic ischemia. This result is in agreement with previous data on tadalafil, a different type of PDE-5 inhibitor \[[@b32-inj-19-1-19]\].

Atherosclerosis shows marked inflammatory progression, with numerous inflammatory cytokines and a high level of oxidative stress, and lipid and protein oxidation in the vascular wall \[[@b17-inj-19-1-19]\]. PDE-5 inhibitors partially reverse the contraction of prostatic tissue and increase cGMP levels, resulting in antiproliferative effects on prostatic smooth muscle cells \[[@b20-inj-19-1-19]\]. PDE-5 inhibitors control bladder muscle tone by activating NO-cGMP signaling, and inhibit the micturition reflex by affecting sensory pathways in the bladder. PDE-5 inhibitors also reduce cGMPdependent RhoA-Rho-kinase signaling, which influences storage LUTS \[[@b21-inj-19-1-19]\]. In addition, chronic use of PDE-5 inhibitors has an anti-inflammatory effect on endothelial cells \[[@b33-inj-19-1-19]\]. Thus, increased arterial blood flow to the bladder neck and prostate may be the mechanism underlying the efficacy of PDE-5 inhibitors in treating LUTS \[[@b22-inj-19-1-19]\].

Our results indicated that mirodenafil administration significantly decreased the percentage of collagen in the muscle layer, and improved the decreased contractile response to cholinergic stimulation, compared to the CBI group. We also observed a significant improvement in urodynamic parameters.

PDE-5 inhibitors, such as vardenafil, have proven valuable in improving LUTS in several clinical studies. A single 20-mg dose of vardenafil led to a significant decrease in maximum detrusor pressure, an improvement in maximum bladder volume, and a significant increase in detrusor overactivity volume in spinal cord injury patients \[[@b34-inj-19-1-19],[@b35-inj-19-1-19]\].

Mirodenafil (Mvix, SK Chemicals, Seoul, Korea) is the most recently developed PDE-5 inhibitor, and is a novel, potent agent with clinical efficacy in ED similar to that of other PDE-5 inhibitors. An animal study showed that the selectivity of mirodenafil was ten times higher than that of sildenafil, and its inhibitory effects on other PDE-5 inhibitors were very small. The high selectivity of mirodenafil may have contributed to the favorable results obtained in our study, despite its disadvantageous kinetics.

Despite their advantages, PDE-5 inhibitors are not typically used as monotherapies. Alpha-blocker monotherapy is widely accepted as the initial medical treatment for patients with BPHLUTS, especially for relatively younger patients with mild symptoms. Most urologists prefer monotherapy, considering the rapid onset, efficacy, and avoidance of possible adverse events associated with polypharmacy, because most elderly patients take several medications \[[@b6-inj-19-1-19]\].

Although combination therapy using 5α-reductase inhibitors or anticholinergics has proven effective for the treatment of complex BPH-LUTS, these therapies may have undesirable side effects \[[@b3-inj-19-1-19],[@b7-inj-19-1-19]\]. Urologists face limited choices when treating patients with severe BPH-LUTS, especially elderly patients who require high efficacy with minimal drug interactions. The results of our study suggest a single-treatment option for patients.

Although the establishment of a concrete rationale for continuous treatment of BPH-LUTS and ED patients with PDE-5 inhibitors faces many obstacles, daily mirodenafil suggests the possibility of advancement in the medical treatment of agingassociated LUTS.

Limitations of our study include the lack of concentration measurements in serum or tissue, and dose escalation of mirodenafil. PDE-5 inhibitors as the principal hypothesis in the reduction of NO is only one of several possible experimental efforts, so definite conclusive results cannot be obtained. Moreover, data on some important parameters, such as systemic blood pressure and variable nonvoiding contractions, are lacking. Previous studies on mirodenafil were inadequate, and further comprehensive evaluation is required.

Considering the additive effects of PDE-5 inhibitors for improving bladder overactivity, mirodenafil could be useful for combination treatment of patients with refractory LUTS who do not respond to monotherapy, for patients who need polypharmacy for combined disease, or as a continuous alternative treatment for improving detrusor overactivity. With chronic use of mirodenafil in elderly patients, synergism and antagonism with frequently used drugs should be taken into consideration. Human studies are necessary to confirm the benefits of mirodenafil.

In conclusion, this study confirmed that balloon-induced CBI leads to changes in bladderwall morphology/contractility and showed that mirodenafil ameliorated bladder dysfunction induced by atherosclerosis. Mirodenafil may have protective effects on bladder function and morphology, and may result in decreased bladder hyperactivity. Thus, mirodenafil may be useful in the clinical treatment of bladder dysfunction due to CBI.
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![Representative cystometric curves in each group. Intercontraction interval was significantly shorter in chronic bladder ischemia (CBI) rats than in the other groups. (A) Control group, (B) CBI group, and (C) CBI+mirodenafil group.](inj-19-1-19f1){#f1-inj-19-1-19}

![Carbachol-induced contraction in the detrusor muscle strip from the control group, chronic bladder ischemia (CBI) group, and CBI+mirodenafil group. Contractile responses induced by carbacholin the CBI group were lower than in the control and CBI+mirodenafil groups (10^-6^mol/L to 10^-3^mol/L). ^\*^Higher in control group vs. CBI group (P\<0.05). ^†^Higher in CBI group vs. CBI+mirodenafil group (P\<0.05).](inj-19-1-19f2){#f2-inj-19-1-19}

![Bladder tissue of control group (A), chronic bladder ischemia (CBI) group (B), and CBI+mirodenafil group (C) (Masson trichrome stain, ×100).](inj-19-1-19f3){#f3-inj-19-1-19}

![Percentage of collagen in the muscle layer in control, chronic bladder ischemia (CBI), and CBI+mirodenafil groups. ^\*^Higher in control group vs. CBI group (P\<0.05). ^†^Higher in CBI group vs. CBI+mirodenafil group (P\<0.05).](inj-19-1-19f4){#f4-inj-19-1-19}

###### 

Differences in bodyweight and bladder weight between control, CBI, and CBI+mirodenafil groups

  Group                       Body weight (g)   Bladder weight (g)
  --------------------------- ----------------- --------------------
  Control (n = 8)             523.6 ± 40.2      0.15 ± 0.003
  CBI (n = 8)                 545.3 ± 32.3      0.18 ± 0.005
  CBI + mirodenafil (n = 8)   535.5 ± 29.3      0.19 ± 0.005

Values are presented as the mean±standard deviation.

CBI, chronic bladder ischemia.

###### 

Results of cystometric parameters, showing a decrease in ICI, Bcap, and Bcom in the CBI group

  Parameter        Control (n = 8)                                             CBI (n = 8)   CBI + mirodenafil (n = 8)
  ---------------- ----------------------------------------------------------- ------------- -----------------------------------------------------------
  BP (mmHg)        3.4 ± 0.8                                                   3.6 ± 0.5     3.3 ± 0.3
  TP (mmHg)        10.8 ± 1.5                                                  11.8 ± 0.6    10.9 ± 0.8
  MP (mmHg)        28.2 ± 2.5                                                  27.2 ± 0.4    29.2 ± 1.0
  TP--BP (mmHg)    7.4 ± 1.3                                                   8.2 ± 0.9     7.6 ± 0.5
  ICI (min)        5.3 ± 1.2^[a)](#tfn1-inj-19-1-19){ref-type="table-fn"}^     2.1 ± 0.5     4.2 ± 1.0^[b)](#tfn2-inj-19-1-19){ref-type="table-fn"}^
  Bcap (mL)        1.1 ± 0.06^[a)](#tfn1-inj-19-1-19){ref-type="table-fn"}^    0.4 ± 0.03    0.9 ± 0.04^[b)](#tfn2-inj-19-1-19){ref-type="table-fn"}^
  Bcom (mL/mmHg)   0.15 ± 0.02^[a)](#tfn1-inj-19-1-19){ref-type="table-fn"}^   0.05 ± 0.04   0.12 ± 0.03^[b)](#tfn2-inj-19-1-19){ref-type="table-fn"}^

Values are presented as the mean±standard deviation.

ICI, intercontraction interval; Bcap, bladder capacity (infusion rate/micturition frequency); Bcom, bladder compliance (Bcap/\[TP--BP\]); CBI, chronic bladder ischemia; BP, baseline pressure; TP, threshold pressure; MP, maximum pressure.

Higher in control group vs. CBI group (P\<0.05).

Higher in CBI group vs. CBI+mirodenafil group (P\<0.05).
